The geometry of converging-diverging nozzles affects the conditions at which critical-subcritical flow transition occurs. The objective of this work is to develop guidelines to identify the optimum nozzle geometry that maximizes critical pressure ratio while minimizing pressure drop across the nozzle. Experiments were conducted in a facility with 1.5 in. ID PVC pipelines and a 30 ft. long lateral pipeline section. In total, 27 different nozzle geometries were tested, divided into two groups e conical and parabolic nozzles. Nozzles from the ASTAR, Deich, LJ and Moby Dick nozzle groups showed improved performance compared to other nozzle groups. It was determined that a smaller diverging angle and absence of an elongated throat resulted in a higher critical pressure ratio. Length of converging and diverging sections of nozzles did not have as much of an impact on nozzle performance as the throat diameter and shape of converging and diverging sections.
Introduction
A nozzle is a venturi device that, given sufficient upstream pressure and flow conditions, can result in choked flow at its throat. Nozzles are used in different industries for different purposes such as to accelerate flow for atomization of liquid phases, as part of jets to increase kinetic energy and to propel gas in rocket engines, in natural gas production wells to accelerate gas velocity, among many others. The nozzle geometry plays a very important role to achieve choked flow conditions. In most applications, it is important to optimize the nozzle design to minimize pressure drop due to increased velocities at the nozzle throat.
Nozzles have three different sections e converging section, throat and diverging section, as shown in Fig. 1 . The point where the diameter of the nozzle is the smallest is called the throat. The throat can either be a single point or it can be elongated. The section upstream of the throat is the converging section, and the section downstream of throat is the diverging section. The area of the converging section decreases as the nozzle profile goes from pipe to the beginning of the throat. The area of diverging section increases as the nozzle profile goes from the end of the throat to the pipe.
The fluid flow behavior through nozzles also depends on the type of fluid flowing through the nozzle. The dimensionless Mach number, M, which is the ratio of fluid velocity to velocity of sound in the surrounding medium, can be calculated to determine if the flow is compressible (M > 0.2) or incompressible (M < 0.2). In this work, compressible flow is considered by using air as working fluid. Flow velocity increases as fluid enters the nozzle, until the nozzle throat is reached. At this point flow is subsonic (i.e. M < 1). Once fluid flows through the throat, given sufficient upstream pressure and flowrate conditions, the fluid velocity could become equal to the velocity of sound, reaching sonic conditions (i.e. M ¼ 1). As fluid flows out of the throat, entering the diverging section, the fluid velocity increases beyond the speed of sound reaching supersonic flow (i.e. M > 1). This occurs because when air is flowing through the diverging section of the nozzle, there is an increase in kinetic energy at the expense of an enthalpy drop due to gas expansion. (Clarke and Carswell, 2007) .
The purpose of using a nozzle is to accelerate the flow to achieve critical or sonic conditions (i.e., choked flow) at its throat. This happens as the pressure differential upstream and downstream the nozzle increases. At a certain pressure differential, the flowrate through the nozzle for that particular throat size reaches a maximum and the Mach number becomes 1. Any further increase in pressure differential does not result in an increase in flowrate. Beyond the point where flowrate stops increasing, the flow is said to be choked. Once this happens, any perturbation that occurs downstream to the throat, in terms of pressure changes, would not affect the upstream flow.
The performance of a nozzle is quantified based on critical pressure ratio and pressure drop across the nozzle. Critical pressure ratio is the lowest ratio of downstream pressure to upstream pressure (P d /P u ) when the flow is choked. Below this pressure ratio, the flow is sub-critical. An optimum nozzle geometry is one where choked flow is achieved at a larger critical pressure ratio value when compared to other nozzle geometries. This is associated with a higher pressure recovery as the fluid exits the throat of the nozzle and travels through the divergent section, minimizing pressure drop across the nozzle.
This work studies the effects of geometrical parameters such as shape of converging and diverging section, throat length, and nozzle diverging and converging angle on the performance of nozzles. Previous studies conducted focus on evaluating nozzle performance by varying some of the above-mentioned parameters. Almeida (2015) investigated the effect of nozzle parameters (diverging angle, throat length and shape of diverging section) on nozzle performance. The basic design of the nozzle studied included a convex converging section and a linear diverging section. This work concluded that a higher diverging angle, larger throat length and the shape of the diffuser section have significant and detrimental impact on nozzle performance (Almeida, 2015) . Park et al. (2001) , performed a study that also showed that higher diverging angles resulted in lowered nozzle performance. The considered nozzle shape had a convex converging section and a linear diverging section. Conclusions drawn from this study are in line with the conclusions reached in this paper (Park et al., 2001) .
In both studies mentioned above, the nozzle shape remained the same. No other shapes were tested to determine if others would increase nozzle performance. The objective of this work is to conduct experimental analysis on different nozzle geometries and determine the effect of geometrical parameters and shapes on nozzle performance. Additionally, the optimal nozzle design is identified based on the experimental data collected. An optimal nozzle design is one that maximizes the critical pressure ratio whilst minimizing the pressure drop across the nozzle.
Design
In order to create a matrix of different nozzle geometries and shapes, we conducted a review of nozzles implemented in industries such as aerospace, agricultural, nuclear and petroleum. Based on this research, nozzles can be classified into two main shapes: conical and parabolic.
A conical nozzle, or a converging-diverging nozzle, has a downward tapering linear inlet area which reduces in cross-sectional area along the profile until the throat diameter has been reached, and then has an upward tapering linear outlet area where the cross-sectional area increases along the profile (Fig. 2) . The angle at which the inlet tapers is called converging angle (b) . The angle at which the outlet tapers is called the diverging half angle (a). The diameter of the smallest point in the nozzle is called the throat diameter (D t ).
The cone half angle should not exceed 15
, to avoid nozzle internal flow losses ( € Ostlund, 2002) . According to Barber, the value of cone divergence half angle should be between 2 and 12 (Barber and Schultheiss, 1967 Based on these considerations, three different conical nozzle configurations are considered in this study:
1. Converging e Diverging Nozzle: This is a basic de Laval nozzle without an elongated throat that is used in many applications such as steam turbines and rocket engines.
2.
Modified Converging e Diverging Nozzle: The design of this nozzle includes an elongated throat length. In the technical report 'Acceleration of liquids in two phase nozzles' by NASA, it was determined that the throat length had an impact on the performance of the nozzle (Elliot and Weinber, 1968) . Sutton and Biblarz, 2001) . (Popov, 2002) . It has two subsequent converging sections with decreasing converging angle.
A parabolic nozzle (based on the Rao nozzle shape) has a circular converging section and a parabolic diverging section (Fig. 3) . The point from which the parabolic diverging section begins is called nozzle angle (q n ). The angle created at the end of the nozzle is termed as nozzle exit (q e ). The radius of the circular converging section is 1.5 times the throat radius. This region continues until the throat is reached.
Once the profile of the throat ends, another circle of radius 0.382 times the throat radius is designed. The slope of the parabolic curve is tangent to the inflection point (q n ), where the divergent curve and the parabolic curve intersect (Kulhanek, 2012) . Then at a certain point, a parabola of bell shape is created which constitutes the majority of the diverging section.
This experimental study considers the following eight designs for parabolic shape:
1. Rao Nozzle: Rao nozzle is widely used in the aerospace industry to release the exhaust coming from the gas chamber. The main reason to create this nozzle was to get a higher performance nozzle for a shorter length. It is generally about 80% the length of a de Laval nozzle.
Modified Rao Nozzle:
This is a Rao nozzle modified to incorporate an elongated throat to observe the effect of throat length.
3. Dual Bell Nozzle: The dual bell nozzle was developed by the aerospace industry to make their rockets more efficient in high altitude conditions. But since in this project the altitude of the nozzle will not be changing, this nozzle would only be tested to note the effect of using this contour on fluid flow. This type of nozzle has two parabolic diverging sections instead of one found on a Rao nozzle (N€ urnberger-Genin and Stark, 2009) . 
Converging Convex Nozzle:
The design for converging convex nozzle was obtained from a patent of a liquid gas injector in the industry of jet technology.
This nozzle has a convex circular converging section (Popov, 2002) .
Converging Concave Nozzle:
The design for converging concave nozzle was obtained from a patent of a liquid gas injector in the industry of jet technology. This nozzle has a concave circular converging section that extends all the way to the entrance radius (Popov, 2002) .
6. Moby Dick Nozzle: This nozzle was developed in the nuclear industry as part of the French Nuclear Thermal Hydraulic code. The tests conducted during this research were done to study two phase critical flow conditions of such nozzles (Bestion, 1990) . This nozzle is a mix of both circular and conical nozzle shape. The converging section is circular convex shape and the diverging section is linear.
7. ASTAR Nozzle: This nozzle was developed as part of the 'ASTAR Project' undertaken by European Union (Staedtke et al., 2005) . It is a convergent -divergent nozzle, except its contour is more parabolic compared to a de Laval nozzle.
The converging section of this nozzle is divided into two sections e the beginning of the nozzle is a circular convex shaped section, which is followed by a circular concave shaped section. The diverging section is a parabola.
Deich Nozzle:
The Deich nozzle is also a de Laval nozzle, except its converging part is circular and its diverging part is parabolic. Another difference for this nozzle is its small divergent angle of 8 (Ashwood and Higgins, 1957) .
9. LJ Nozzle: The LJ nozzle was created as part of this work, after 26 nozzle geometries had been tested on the single-phase horizontal facility. This geometry is very similar to one of the ASTAR nozzle geometries except it has a longer diverging section (40% longer divergent section compared to ASTAR nozzle 1).
Several physical geometrical parameters and testing variables can affect the performance of the nozzle, these include:
Expansion ratio, which is the ratio of exit area to throat area Contraction ratio, which is the ratio of inlet area to throat area Throat length to throat diameter ratio
Downstream to upstream pressure ratio
Heat transfer Diverging Angle
Methodology
The nozzle design is an important component in this experimental research. Particular attention was paid to all nozzles design and construction. This included calculating the appropriate nozzle throat size that would result in critical flow for the conditions available in the lab, creating an experimental matrix of different nozzle configurations, and generating the 3D drawings and 3D printed models. Finally, the horizontal nozzle test facility was designed and constructed.
The following conditions were available at the testing facility:
Max. air flowrate ¼ 74 cfm
Max. air pressure ¼ 80 psi
Based on these conditions, a throat size of 0.25 in. was chosen for all nozzle designs, to guarantee that the transition from critical to sub-critical flow can be determined during the experimental procedure.
In order to determine the effect of nozzle design parameters, such as converging angle, diverging angle and throat length, on nozzle performance, an experimental matrix was created that would include nozzle designs of varying parameters. In total, 49 configurations of nozzles were considered, but after initial testing, it was determined that certain nozzle shapes did not perform as well as others. Therefore, only 27 nozzles were experimentally tested. for the nozzles tested. Figs. 4 and 5 show the basic conical and parabolic nozzle geometries tested.
Basic profile designs of these nozzles were created using linear, parabolic and circular design equations. The 3D drawings that were required for 3D printing were created on Solidworks. A Stratasys Eden 260 VS 3D printer was used to create the physical nozzle models (Fig. 6) . The material used for 3D printing was Vero White Resin. Pressure ports were included in the nozzle body design at different locations to record the pressure profile along the nozzle. Pressure transducers were tapped into these ports during the experimental phase. The number of ports for pressure transducers varied based on the space available on the nozzle body. The holes and threads were designed accordingly to fit the 0.25 in. pressure transducers and seal the holes. Both ends of the nozzle body consisted of sections that could be glued to 1.5 in. ID PVC unions.
Instrumentation
A horizontal facility was constructed to conduct single-phase nozzle flow testing (Fig. 7) . The nozzle is installed on a 1.5 in. ID PVC pipe. Pressure and temperature transducers were installed along the pipelines. In total, there were 10 Rosemount pressure transducers (PT) and 3 Rosemount temperature transducers (TT) installed. One PT and TT was installed right after the point of gas injection to determine the pressure and temperature at which gas entered the system. Pressure and temperature transducers were installed upstream and downstream the nozzle to determine the pressure and temperature drop across the nozzle. At most, seven PT's were installed on the nozzle (depending on nozzle geometry). An air tank was installed after the air inlet to achieve additional volume of air in order to perform experiments at higher upstream pressures. A Vortex flowmeter was installed upstream of the nozzle in order to measure the gas flow rate. Two control valves were installed as part of the facility e one control valve was used to control the inlet gas pressure and the second control valve was installed at the end of the pipeline to control the back pressure.
During a nozzle test, air is injected from a compressor into the pipe system. This air is vented out at the end of the pipeline facility to the atmosphere.
PTs, TTs, flowmeters and control valves were connected to an automation system (DeltaV system). This distributed control system was used to control the configuration of the valves and record data from the sensors connected to the system. The following procedure was followed to perform the single-phase horizontal nozzle tests:
Air was supplied to the inlet section of the pipeline and to the air tank.
Both, gas control and the back-pressure valves were opened to 100%.
Flow was allowed to stabilize by waiting 30 minutes.
Next, the backpressure valve was closed by 10% every 5 minutes until the upstream gas flowrate started to decrease. Then, the backpressure valve was opened or closed until the critical point was determined (point where the upstream gas flowrate was no longer constant).
Air supply was shut off and data was recorded from the DeltaV acquisition system.
Results & discussion
The upstream and downstream pressure, and upstream gas flow rate were measured to identify the transition between critical and subcritical flow and to determine the relative performance among the nozzles tested. Using these values, the downstream to upstream pressure ratio (P d /P u ), and the pressure drop across the nozzle (P u -P d )
were calculated. The critical pressure ratio was determined from a plot of upstream gas flowrate vs. upstream to downstream pressure ratio (Fig. 8) . The last point recorded where the upstream gas flowrate was stable was chosen as the critical pressure ratio (shown by a black arrow mark on Fig. 8 ). The flow is critical for lower pressure ratios and is sub-critical for larger pressure ratios. Table 2 shows the pressure drop, critical pressure ratio, upstream pressure and upstream gas flow rate for all nozzles tested at the critical/subcritical flow transition.
The relative nozzle performance was evaluated based on two performance measures:
the critical pressure ratio and the nozzle pressure drop. Two separate rankings are presented in Table 3 based on these two parameters, one for decreasing pressure ratio and other for increasing pressure drop. By doing so, it was observed that nozzles that had a high critical pressure ratio did not necessarily have the least pressure drop. From Table 3 , it can be noted that four nozzle groups performed best when both criteria are taken into consideration e ASTAR, Deich, Moby Dick and LJ. Nozzles in these geometric configurations are considered optimal geometries. From these optimal geometries, the most optimum was the ASTAR Nozzle 1, it had the highest critical pressure ratio and the lowest pressure drop.
In order to understand why some nozzle geometries performed better than others, the pressure readings recorded at different locations of the nozzle were studied. Because there were different number of PTs on each nozzle, to analyze the data consistently, the nozzle area was divided into four regions and single pressure reading from each region were chosen. The first region includes the area from pipe to the convergent section, the second region includes the area from convergent section to throat to beginning of divergent section, the third region includes the area from beginning of divergent section to the end of divergent section, and the fourth region includes the area from the end of divergent section to the pipe area. Also, since the upstream pressure varied slightly in the experiments, the pressures at each region were normalized to the upstream pressure (i.e., ratio of region pressure to upstream pressure) for analysis. Table 3 . Ranking of nozzle performance based on both critical pressure ratio and pressure drop.
Nozzle Rank e pressure drop Rank e critical pressure ratio Fig. 9 shows how the normalized pressure (pressure ratio) at each region changes across the nozzle. From this figure, it can be noted that the region that has the most impact on the pressure drop behavior is region 2, which includes the throat. Therefore, the shape of the area right before the throat, the throat and shape of the area right after the throat play a significant role in determining the pressure drop across the nozzle.
Figs. 10 and 11 show the pressure ratio profile as it changes with flow through the nozzle for optimal geometries and non-optimal geometries, respectively. There are two main reasons some geometries performed better than the others e 1) magnitude of pressure drop in region 2, 2) pressure recovery in region 3 and region 4. A stark difference can be observed in optimal and non-optimal geometries if these reasons are considered. In case of optimal geometries, the pressure drop in region 2 is lower than in non-optimal geometries. The range of pressure ratio at region 2 (right after the throat) for optimal geometries is from 0.40 to 0.58. In case of non-optimal geometries, the range is 0.15e0.39. Along with this, it can also be observed that the pressure generally recovers in case of optimal geometries. This results in a lower overall pressure drop across the nozzle and a higher critical point. For the non-optimal nozzles, the velocity is still high in regions 3 and 4 and as a result, the pressure recovery does not occur. This results in a higher pressure drop across the nozzle and a lower critical point.
Based on results obtained, the effect of increasing diverging angles, elongating the throat lengths and increasing overall length of the nozzle can be observed among different nozzle groups. The effect of these parameters will be discussed below for the basic conical and parabolic nozzle shapes as the sub groups of these nozzles followed similar patterns.
By analyzing data from Conical group 1 nozzles, the effect of changing diverging angle in a conical nozzle was determined. Three different nozzles with diverging angles of 8 , 10 and 12 were tested. Fig. 12 shows the results from these tests. It can be noted that the nozzle with the highest critical pressure ratio is the one with a diverging angle of 10 , followed by 8 and 12 . In general, a loss on performance is observed as the diverging angle is increased. Similar trend can be observed in the Moby Dick nozzles, where the diverging section is conical. Fig. 11 . Change in pressure drop ratio across nozzle for non-optimal geometries. By analyzing data from Conical group 2 and group 1 nozzles, the effect of elongated throat lengths in a conical nozzle can be determined. Three different nozzles with throat lengths of 0 in., 0.5 in. and 1.5 in. and the same diverging angle of 8 were tested. Fig. 13 shows the results from this test. A longer elongated throat resulted in a higher critical pressure ratio. However, since the velocity of air is higher for a longer length in nozzles with larger elongated throats, the frictional pressure drop across the nozzle is higher. This results in a higher pressure drop across the nozzle. Therefore, a longer elongated throat is not ideal for optimal performance.
Similar trends can be observed in Moby Dick nozzles.
By analyzing data from Rao nozzles, the effect of changing diverging angles in a parabolic nozzle with no elongated throat can be determined. Three different nozzles with diverging angles of 45 , 60 and 90 were tested. Fig. 14 By analyzing data from Modified Rao and Rao nozzles, the effect of different elongated throat lengths in a parabolic nozzle can be determined. Two different nozzles with throat lengths of 0 in. and 1.5 in. and a diverging angle of 60 were tested. the pressure drop across the nozzle increases as well with an increase in throat length. Similar trend can be observed in the three Deich nozzles, however the effect of throat length is not too profound in this case as the critical pressure ratio for all three nozzles are very close to each other.
By analyzing the results from ASTAR nozzle 1 and LJ nozzle 1, the effect of total nozzle length on nozzle performance can be determined. Both have similar geometry right before and right after the throat, except LJ nozzle is longer in length compared to ASTAR nozzle. Fig. 16 shows the results from this test. It can be observed that the critical pressure ratio for both nozzles is very similar. The only difference in performance is that the LJ nozzle has a slightly higher pressure drop across the nozzle.
The presence of pressure transducers along the nozzle body has an effect on the nozzle performance. As the fluid moves through the nozzle, the transducers make the flow more turbulent and this results in a higher pressure drop across the nozzle and a lower critical pressure ratio. In order to determine the effect of this turbulence, three nozzles were tested without pressure transducers mounted on them. The critical pressure ratio on average lowered by 0.06 and the pressure drop across the nozzle increased by 2.5 psi due to the presence of pressure transducers.
Conclusions
Single-phase compressible flow experiments were performed to determine the optimal nozzle geometry that maximizes critical pressure ratio and minimizes pressure drop across the nozzle. By testing 27 different nozzle geometries, the data obtained was analyzed to determine the effect of nozzle geometrical parameters on nozzle performance. From the experimental study, the following conclusions can be made:
Nozzle geometry does have a significant impact of nozzle performance. Effect of single-phase air flow through a nozzle revealed the effect of different nozzle parameters on nozzle performance. A lower diverging angle and no elongated throat gave the best critical pressure ratio and a low pressure drop. The length of the nozzle did not have as much of an effect on the performance as the shape of the nozzle right before and after the throat. And the shape of diverging section is important to promote pressure recovery.
Based on the results, ASTAR nozzle configuration was the most optimal. In particular, ASTAR nozzle 1 geometry performed the best as it had the highest critical pressure ratio valve and the lowest pressure drop. This geometry had a diverging angle of 3 , a parabolic diverging section, no elongated throat and a convex and concave converging section.
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